Background: Individuals with a restricted peripheral visual field or tunnel vision (TV) have problems moving about and avoiding obstacles. Some individuals adapt better than others and some use assistive optical aids, so measurement of the visual field is not sufficient to describe their performance. In the present study, we developed a new clinical test called the 'Assessment of Visual Awareness (AVA)', which can be used to measure detection of peripheral targets. Methods: The participants were 20 patients with TV due to retinitis pigmentosa (PTV) and 50 normally sighted participants with simulated tunnel vision (STV) using goggles. In the AVA test, detection times were measured, when subjects searched for 24 individually presented, one degree targets, randomly positioned in a 60 degrees noise background. Head and eye movements were allowed and the presentation time was unlimited. The test validity was investigated by correlating the detection times with the 'percentage of preferred walking speed' (PPWS) and the 'number of collisions' on an indoor mobility course. Results: In PTV and STV, the detection times had significant negative correlation with the field of view. The detection times had significant positive relations with target location. In the STV, the detection time was significantly negatively correlated with the PPWS and significantly positively correlated with the collisions score on the indoor mobility course. In the PTV, the relationship was not statistically significant. No significant difference in performance of STV was found when repeating the test one to two weeks later. Conclusion: The proposed AVA test was sensitive to the field of view and target location. The test is unique in design, quick, simple to deliver and both repeatable and valid. It could be a valuable tool to test different rehabilitation strategies in patients with TV.
Tunnel vision (TV) is defined as the loss of peripheral vision with relative preservation of central vision, resulting in a constricted circular field of view. TV can result from ocular diseases, such as retinitis pigmentosa (RP), glaucoma and choroideraemia. Patients with TV (PTV) usually face difficulties with navigation, avoiding obstacles and performing visual searches. [1] [2] [3] [4] Available rehabilitation strategies include the use of optical aids, such as reverse telescopes, hand-held negative lenses and several forms of prism. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Some of these aids are no longer commercially available (that is, the 'in-wave system' and the amorphic telescope), 8, 15 while others have been described but not objectively evaluated to determine whether they improve mobility performance. 5, 7, 12, 14, 16 The approaches most commonly used to evaluate optical aid efficacy are:
assessing improvement in visual
field, [8] [9] [10] 14, 17 which is limited in validity by the fact that the PTV must keep their head and eyes still; 2. assessing the enhancement in mobility performance, using expert evaluation by orientation and mobility specialists or performance (walking speed and collisions) on a mobility course; 11, 12, 18 3. assessing satisfaction levels using a questionnaire; 14, 19, 20 and 4. assessing visual search performance. This seems the most promising method because it is portable, replicable, applicable in different settings (that is, clinical settings and research labs) and provides objective and quantifiable results.
There have been several studies in the last four decades which have adopted this approach 13, 19, 21 but each one of these studies had limitations. These included using black or featureless backgrounds; 13, 19, 21 recording time for a whole test rather than individual targets; 13, 19 limiting presentation time; 21 and also testing hand-eye co-ordination by asking subjects to reach out and touch the target. 13, 19 When evaluating prisms or minifiers, assessing the ability to precisely perceive the target in its veridical location by reaching out to touch the target might be a highly relevant measure; however, the visual search and touching the target in the veridical location are two separate tasks and it is preferable for them to be assessed independently, as one skill may be acquired in advance of the other. For example, an aid may quickly allow awareness of the presence of a target but precise localisation may need to be learned with practice and/or training.
Similar tests based on peripheral field awareness have been developed previously and are commercially available (Useful Field of View test [UFOV] , Visual Awareness, Inc, Chicago, Illinois, USA) 22 or have been used for a specific study. 23, 24 These tests assess the ability to extract information in a very short presentation without any eye or head movement and thus, performance is inevitably severely impaired by visual field loss, in a very predictable way. Therefore, these tests do not allow for the assessment of improved performance with adaptive strategies.
The aim of the present study is to design a new measure to assess the visual awareness in patients with TV to attempt to overcome the limitations found in previous studies. The test is called the 'Assessment of Visual Awareness' (AVA). The AVA will test the participants' abilities to scan and locate a stimulus within and outside their field of view. It should be a simple test that can be incorporated within any clinic or laboratory. The participants' performance should be measurable in a repeatable way to assess the effect of any intervention. Patients with peripheral field constriction, hemianopia or central scotoma need longer searching time. [25] [26] [27] [28] Therefore, in this study the participants have unlimited time to respond to each display/target. Head and/or eye movements were permitted, to facilitate the use of any adopted compensatory strategies.
METHODS

Ethics approval
A favourable ethics approval was given by the University of Manchester Research Ethics Committee. The tenets of the Declaration of Helsinki were followed and all participants gave informed consent after the possible consequences of the study were explained in detail.
Participants
The AVA test was investigated by recruiting patients with RP causing TV (PTV) and healthy participants in whom TV was simulated (STV). The STV participants' inclusion criteria were: no known history of ocular disease; visual acuity better than 0.20 logMAR; and general physical ability to carry out the proposed tests. The PTV participants were recruited through the University of Manchester clinic and the RP Facebook support groups. The PTV participant's inclusion criteria were: a formal diagnosis of RP, Usher syndrome or choroideraemia; a remaining binocular visual field of 20 degrees diameter or less; visual acuity better than 0.40 logMAR in at least one eye; and adequate physical ability to perform the tests. 29 In the STV group, the visual acuity and log CS measurements were recorded without any simulation in place.
Visual function assessment
Simulating tunnel vision
Four simulators were used in each STV. The simulators were opaque circular discs with a central hole, sized to produce intended fields of view of 20 degrees diameter, 15 degrees, 10 degrees and five degrees diameter, respectively. These were chosen because 20 degrees is the stage at which PTVs usually seek visual rehabilitation. 30, 31 Each simulator was placed in a trial frame (along with any refractive correction) to allow precise centration. A custom-made fabric side shield was used to avoid any peripheral viewing. The actual binocular visual fields in the PTV and the simulated field of view for the STV while wearing each of the four simulators, were measured using the Bjerrum screen. The participants sat at one metre from the screen in a fixed chin and head position. A 5.0 mm white target was used and moved at approximately two degrees/second.
The measured field of view for the STV varied minimally due to variation in the vertex distance between participants. The actual sizes of the fields of view for the 50 STV using the four simulators were 20 ± 1 degrees (mean ± SD), range 18 to 22 degrees diameter; 15 ± 0.75 dgrees, range 14 to 16.50 degrees diameter; 10.50 ± 0.75 degrees, range 9.50 to 12 degrees diameter and 5 ± 0.50 degrees, range four to six degrees diameter, respectively.
Indoor mobility course
Briefly, the mobility course was an indoor obstacle-rich course with no pedestrians. The course was 14 metres long by 1.45 metres wide, with mean illuminance of 430 lux (as measured at one metre from the ground) and having 16 cardboard obstacles ( Figure 1 ). The details of the mobility course were the same for all participants including length, illumination and obstacles. The obstacles were made from strong cardboard to maintain participants' safety. These cardboard obstacles could not be easily damaged or dented by collisions and can be used repeatedly. The contrast of the obstacles ranged from low to high against the dark floor carpet (six were black, six white and four were grey). The Weber contrast values for the three obstacle colours were: black = 0.60, white = 1.90 and grey = 1.20. The obstacle arrangement was the same for each participant in both groups in order to standardise the difficulty level. The scores recorded were the percentage preferred walking speed (PPWS) and collision scores. The PPWS is a measure of the walking speed on the mobility course relative to walking speed on an unobstructed path, namely, the preferred walking speed (PWS). 32 The PWS was recorded in the beginning of each visit in both participant groups. The participants (either PTV or STV participant with simulator) were asked to walk for 11 metres from one point to another in a straight line at their normal pace; this was also repeated but from the opposite direction. The participants were informed that there would not be any obstacles obstructing their path. The walking speeds were averaged and recorded as the PWS. In the obstacle course the participants walked the 14 metres twice but in opposite directions. The walking speed taken to navigate each direction was recorded and then the Figure 1 . The detailed layout of the obstacle course is illustrated. Generally, the distance between the obstacles was less than one metre and obstacles were arranged in a way that made the participant change direction with each obstacle.
scores for both directions were averaged to limit the 'within-subject' variation. The PPWS is obtained by dividing the walking speed in the obstacle course by PWS multiplied by 100. 32 The numbers of collisions in each direction were recorded and averaged. A collision was defined as any contact with an obstacle with any part of the body, stumbles, unintentional bump into the wall or examiner intervention. The detailed design and results using this portable indoor mobility course have been previously published. 33 Procedure
The STV participants were tested twice, with one to two weeks between visits. The PTV was tested only once (since the second visit was part of another study of optical aids for PTV). The STV participants were tested monocularly, always using the right eye and the PTV viewed binocularly. For both groups, their habitual correction (if any) was used while doing the test. The TV simulation was decreased progressively from 20 degrees to five degrees diameter, in five degree steps, so every participant in the STV group did the AVA test four times. This order was used to better familiarise the participants to the progressively restricted field to avoid any excessive disorientation or discomfort.
AVA test design
The AVA test was projected using a short focal length projector (CP-AW100N, Hitachi, UK) to give a rectangular area of 60 degrees diagonal, when viewed from 1.20 metres. The target positions were standardised and randomised and the detection time for every target was recorded.
In each stimulus screen of the AVA test there was a central and peripheral target. The central target position was always in the same location, in the middle of the display, which meant the participant should detect it immediately; however, requiring this target to be identified meant that the peripheral target could not be identified without some scanning. The central target's shape was a cross in two orientations (red + or blue ×), with participants reporting orientation and/ or colour. The cross had an overall arm length of 70 mm (three degrees). The central target was presented in random order in conjunction with the peripheral targets.
In total, there were 24 displays, each using a different peripheral target location. These were presented along one of the eight principal radii, at three different eccentricities from the centre (Figure 2 ). The background was divided into three annuli, with eight targets in each: the first annulus at 10 degrees radius from the centre, second annulus (20 degrees) and third annulus (30 degrees). The participants could refer to target direction in relation to a clock dial (that is, 12 o'clock, 1.30, 3.00, 4.30, 6.00, 7.30, 9.00 and 10.30 o'clock positions). To reduce the variability, the detection time used in the analysis is the median detection time of the eight targets presented in each annulus for each participant. Each AVA test began with a background display presented without any target. The participants were asked to immediately press the response button as soon as they detected both targets. Then the background was presented, while patient responses were reported verbally. The detection time was included in the analysis only if the participant correctly reported the main direction of the target (that is, in which quadrant the target was found) and if the central cross colour or its orientation were accurately reported. Patients with visual field defects need longer searching time [25] [26] [27] [28] and therefore in this study, the participants have unlimited time to respond to each display/target. Head and eye movements were permitted, to facilitate the use of any adopted compensatory strategies.
Appropriate target and background characteristics were selected after pilot studies. The peripheral target is a black-and-white one degree square for all eccentricities, to provide maximum contrast and increase the detectability in patients who may have reduced contrast sensitivity. A 1/f noise background was used, as this has statistical and spatial frequency features that resemble the natural environment. 34, 35 The 1/f noise background is more uniform across the picture in comparison to a natural scene picture, so detectability of all targets will be equivalent, regardless of location.
The Matlab (The Math Works Inc.) has an extensive set of programing options in the 'Psychophysics Toolbox'. 36, 37 The toolbox incorporates a large collection of stimulus display routines that allow the user to store predetermined visual images (for example, scenes, shapes or a combination of these) in the computer's memory and then display these images. 38 In this study, a series of Matlab scripts and functions were developed to generate the 1/f noise background, embed the central and eccentric targets within the background and to present the target locations in random order. The background and stimuli were displayed through the Visual Stimulus Generator (Visage, Cambridge Research System Ltd, UK). The Matlab program also recorded the detection time and this was automatically sent to an Excel spreadsheet.
Statistical analyses
From the AVA test, 94 and 99 per cent of the data collected from the STVs and PTVs, respectively, were included in the analysis. The missing data were due to one of the intended fields of view not being produced using the appropriate simulator, the accuracy of the direction or detecting the central cross was incorrect or a peripheral target was missed completely. The normality test (Kolmogorov-Smirnov) for the AVA detection times showed that the data were not normally distributed (p < 0.05), therefore, nonparametric tests were used.
The AVA test sensitivity was investigated by exploring the effect of field of view and target location on the detection times, using Spearman's rank order correlation test; however, because each STV participant did the AVA test with four simulators, the relationship between the field of view, target location and detection times might be influenced by the within-participants effect (that is, the training factor). This could result in the STV participant actually doing better with a smaller field of view. In order to avoid this effect a bootstrap re-sampling statistical technique was used. 39, 40 The bootstrap statistic divided our sample into four groups in accordance with the size of the field of view (that is, 5, 10, 15 and 20 degrees groups). The bootstrap then randomly assigns 12 participants into each group and most importantly, the participant who is assigned to one group will not appear in any other group. Then the relationships among field of view, target location Figure 2 . The 28 stimuli are presented on the scene with a noise background and the detection times were performed. The Spearman's test was conducted 1,000 times, using the 'R project' for statistical computing (http://www.r-project.org/) and using a different assignment of participants on each occasion. The reported correlation coefficient 'r value' and the 'significance value p' is the median of all 1,000 r and p values, respectively.
RESULT
A total of 70 individuals took part in the study. These included 50 STV individuals and 20 PTV individuals. Eleven out of the 20 PTV participants routinely used a long cane while travelling but not during the mobility course. The characteristics of the subjects are shown in Table 1 . The PTV had been diagnosed with RP for at least 15 years. The PTV remaining field of view ranged from four degrees to 21 degrees diameter. For analysis purposes, they were grouped by their field of view: five PTV have fields of view of four degrees to six degrees diameter, eight PTV had fields of view of 10 degrees to 12 degrees diameter and seven PTV had fields of view of 18 degrees to 21 degrees diameter. None had any remaining peripheral island of vision. Table 2 shows that the detection time gets longer as the stimulus becomes more peripheral or as the field of view is gradually constricted. In general, the AVA test detection times were shown to be statistically significantly (p < 0.0001) responsive to the change in both field of view and target location. As the field of view decreases from 20 degrees to 10 degrees, the detection time progressively increases for target detection within a given annulus; the detection time also progressively increases as the target location becomes more peripheral (annulus number increases) for a given field of view; however, the detection time is not linked so clearly to the annulus location for the five degrees field of view and the detection times overall are considerably higher and more variable for this field of view. Results are similar for both Visit 1 and Visit 2. The repeatability of the AVA test was investigated using Wilcoxon test. The test showed no significant difference in detection times between the two visits (Table 2) .
STV performance
Further, the limit of agreement (LoA) suggested by Bland and Altman for non-parametric data 41 and the mean difference between the visits was explored to assess the repeatability of the AVA test (Table 3) .
PTV performance
For a given target location (annulus) the detection times were greater for PTV with a field of view which was more restricted ( Table 4 ). The detection time of each group of PTVs gradually increased from the first annulus to the third annulus (as the target became more peripheral). All of these relationships were statistically significant (Table 4 ). Spearman's rank order correlation test showed there was no relationship between the PTVs' visual acuity, contrast sensitivity or the detection times at all annuli (r ≤ 0.10, p > 0.05).
Mobility course result
The results observed in the STV and PTV were analysed and discussed in detail previously. 33 Briefly, the PPWS reduced and collisions increased as field of view reduced for the STV and PTV (Table 5) . While PPWS was affected in PTV, there was no systematic decrease with the field of view: collisions were minimal and similar for each field of view.
Relationship between the AVA test and mobility scores
Spearman's test was used to investigate the direct relationship between the detection times and the mobility scores on both visits. The resampling bootstrap method was used in the STVs. A significant negative relationship was found between the detection times at all annuli with the PPWS on both visits (Table 6A ). In addition, a significant positive relationship was found between collision scores and the detection times at all annuli on both visits (Table 6A ). This relationship means that better performance on the AVA test (lower detection times) was associated with better performance on the mobility course (higher PPWS and lower collision scores); however, the field of view could impact the participants' performances on both tests. Therefore, Spearman's test was repeated using partial relationship to control for the field of view. The relationship remained statistically significant at the second and third annuli with the PPWS and also maintained a positive relationship with collisions at all annuli on both visits (Table 6B ). In the PTVs, the direct and partial relationships were also explored with both mobility outcomes at the first, second and third annuli (r ranged from 0.20 to 0.30); however, these were not significant (p > 0.05).
DISCUSSION
The AVA test was designed as an attempt to use a visual search paradigm to measure the performance of individuals with severe peripheral field restriction. Although this technique has been attempted previously in this population, there were some limitations in the scoring, background characteristics and the area of the visual field tested in the previous studies. 13, 19, 21 Studies by Drasdo and Murray 19 and Lowe and Drasdo 13 used the time taken to detect a set of several targets as their reaction time. Drasdo and Murray 19 presented more than one target in each display, whereas in Lowe and Drasdo, 13 the target detection was combined with other tasks. This method could cause a loss of important information about the reaction time for individual targets at different eccentricities.
The backgrounds in the studies carried out by Drasdo and Murray 19 and Lowe and Drasdo 13 were black, whereas the background in Coeckelbergh and colleagues 21 was featureless. These black and featureless backgrounds may not represent the complexity of the environment in which the patient typically functions. In our study, we used 1/f noise background, which resembles natural scenes and pictures and directly relates to the natural environment. 
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In our study, the cut-off point of each participant's field of view was approximately 20 degrees in diameter, which was chosen to make sure that the mobility would be impacted. [42] [43] [44] The size of the display that was used in the three studies had a large horizontal extent; however, the vertical area that was used by Coeckelbergh and colleagues 21 may not have been a deep enough area (24 degrees) to measure performance improvement when, for example, wearing an optical aid in the real world. In the present study, the presented area was 60 degrees measured diagonally. This was appropriate, as this is the furthest point of the field of view which still appears to be important to mobility performance. 45 The large area (three times greater than the largest field of view of STV or PTV) and the need to locate both a central and a peripheral target, meant that all observers had to use head and/or eye movements and the unlimited presentation time facilitated the usage of any compensatory searching strategies. In the study carried out by Coeckelbergh and colleagues, 21 a time limit was set for every display (up to 10 seconds). This does not allow active search and setting a limited time may not allow adequate discrimination among poor performers.
The UFOV has a number of practical applications, including guiding diagnosis and management of older adults. 46, 47 Even though the UFOV has been linked specifically to mobility performance, its efficacy in assessing rehabilitation success could be limited for several reasons. The targets in the UFOV are presented within distracters and the subject is asked to determine the popout target. This would assess the ability to differentiate the 'saliency' of a particular target but this may not be so relevant to assess the rehabilitation success: identifying the presence of any target may be more important. The overall visual field tested is also limited by the size of the display monitor and this may not prove sufficiently challenging; however, the most significant limitation is that the UFOV presentation relies on very rapid presentations to determine the speed of information processing. 48 This could preclude the eye and head movements which might represent crucial compensatory strategies in patients with field loss. Table 2 . Detection time (DT) of participants with simulated tunnel vision (STV) from field of view (FOV) of 20 degrees to five degrees diameter. The relationship of detection times to target location and sizes of the field of view are also given using the Spearman's rank order correlation test. The assessment of visual awareness repeatability was explored using the Wilcoxon test. Table 6 . A. Relationship between the detection times at each annulus with the mobility scores in the simulated tunnel vision participants. B. The same relationship was investigated while controlling the field of view.
There were some limitations in simulating field loss in the STV, which include the monocular viewing and the limited eye movements in our study. This means that the STV subjects needed to use head movements when searching for targets outside their fields of view. On the other hand, this approach had the advantage that it allowed us to recruit a larger number of participants, as TV of appropriate severity is rare in the population. Recruiting PTV at the relevant stage, when mobility is compromised, was a very challenging task. Further, the STV approach allowed systematic constriction of the visual field to different degrees of field of view, while controlling visual acuity, contrast sensitivity and adaptation (since PTV might have already established effective coping strategies).
The STV were volunteers, who were not familiar with the simulated loss, so field of view was tested in a gradually decreasing order to limit any disorientation or discomfort. The learning effect may cause the performance to get better as the field of view gets smaller. Therefore, this would tend to reduce any relationship between the detection times and the field of view but this relationship was still highly significant. This could be because the AVA test was relatively short and the participants did not have the chance to gain any relevant experience.
In STVs, the detection time changed in response to the change in field of view and target eccentricity, which provides evidence of the sensitivity of the AVA test. The STVs' performances on the AVA test were different on the two visits; however, the changes in scores were not statistically significant (Table 2 ). These results suggest that the test was repeatable and there was no learning effect. The limits of agreement reported in Table 3 showed a relatively wide range of limits of agreement and this could be because it is reporting the cumulative responses of all participants' scores and the AVA test is designed to assess individual rehabilitation success. This proposition is supported by the minimal mean differences between visits (Table 3) . These findings support further investigation of the usefulness of this test as a tool for assessing the change in performance with rehabilitation interventions. The variation in detection times could be accounted for by several factors that are difficult to control and would influence the participant's performance in this physical and behavioural task. These factors would include: the scanning strategy adopted by the participants during the test and also participants might try several different strategies as the test progresses, including psychological status and the amount of attention they paid while doing the task. In the PTVs, the detection times were related to the field of view (from 20 degrees to five degrees) of each subject group and to target location. This result could provide further evidence of the AVA test's sensitivity.
There was also no relationship between the detection times and visual acuity and contrast sensitivity during the AVA test. This was due to proper planning in designing the test. The target size was adjusted to be well above the threshold with maximum contrast to avoid any limitation in visual acuity and contrast sensitivity affecting the results. There was greater variability in the detection times of the PTV than in the detection times of the STV. This could be accounted for by differences in the compensatory strategies adopted by the individual participant, as these participants lived their whole lives with the condition and regularly interacted with their own environment in different ways (for example, whether they regularly travelled alone or whether they used a long cane).
In the STVs, the detection times and the mobility scores had a significant relationship even when the field of view was controlled. The two locations remaining significantly related to mobility scores are the second and third annuli. This could be because they are beyond the static field of view of all four fields of view. This could support the validity of the AVA test. In the PTVs, a less marked and nonsignificant relationship was found between the detection times and both mobility measures (PPWS and number of contacts). This outcome may be due to the larger variation in scores for the PTV (Table 4) . A large sample of PTV would be required to achieve the significant level in the 'relationship strength' (r) in PTVs, as we observed in STVs. The PTVs were generally older than the STVs and obviously, the PTV group had lived with their TV for much longer than the STV group did, so might have already developed coping strategies. The PTV group had slightly poorer contrast sensitivity than the STV group and in the mobility course there were some obstacles with low contrast; this factor might have played a role. Because collisions were relatively low in number, it was not possible to analyse whether low contrast objects were the cause of more collisions. Contrast sensitivity had been found previously to be an important factor that affects mobility performance. 2, 49 Our present study showed that the AVA detection times were responsive to field of view and target eccentricity in both STVs and PTVs. The result indicated that the AVA test is a sensitive measure of patients' awareness of the surrounding environment. The AVA test in our study was found to be repeatable. This suggested that a reliably measurable improvement in the detection time would be possible, if any intervention were introduced. The AVA scores have a significant relationship with the mobility course scores in the STVs, showing the validity of the measure. Thus, the AVA test is reliable, valid and unique in design, taking about five minutes to conduct and easy to incorporate within a clinic or a laboratory. As well as its use in TV, the AVA test also has the potential to be used in hemianopia to compare detection times for targets to the seeing and non-seeing sides, to judge the effectiveness of spontaneous adaptation strategies, rehabilitative aids or training.
